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ABSTRACT 
Biopolymers are an attractive class of compounds for being used in 
biomedical applications as they are widely available from biomass. Their 
drawback is the lack of mechanical stabil ity and the ability to tune this 
properly. Covalent chemical cross-linking is an often used approach but it  
l imits usability due to legislation as well as the need of advanced and 
specialized knowledge by end-users such as the clinicians. Here increased 
and tunable mechanical properties are achieved of alginate-based hydrogels 
with non-covalent approaches using linear polyethyleneimine (LPEI) as a 
polyelectrolyte rather than only multivalent metal ions (Ca2+). Gel stiffness 
increases with increasing LPEI content. Gel morphology changes from a 
thin fibrous mesh for alginate-Ca2+ to thicker fibrous networks when LPEI 
is introduced. The gels are able to efficiently release encapsulated small 
molecular dyes and the gels are able to host cells. For the cell encapsulation 
human skin fibroblasts (HSkF) and human bone marrow-derived 
mesenchymal stem cells (hBM-MSC) are used. HSkF can be successfully 
incorporated without diminished viabil ity while the matrix components and 
gel preparation method are not compatible with hBM-MSC. The newly 
developed alginate-based system is regarded as a potential candidate for 




Hydrogels are an important class of materials in biomedical applications such as tissue 
engineering/regenerative medicine, drug delivery and wound healing.[1–6] The soft and 
fibrous nature together with a high water content and the possibility for diffusion of small 
components make this class of materials an ideal mimic of the extracellular matrix (ECM). 
Therefore, hydrogels are regarded as excellent materials for encapsulating cells.[7–10] 
Many approaches have been taken to design new hydrogel biomaterials for cell 
encapsulation ranging from synthetic structures, biological based structures or chemically 
derivatives thereof.[11–19] Biologically derived structures generally offer more potential to 
be clinically relevant as these are less likely to be cytotoxic, are often already known by 
regulatory bodies and trigger only minimal immune responses.[9,14,20] Low molecular 
weight peptide-based hydrogels are often used as these can easily be integrated with 
functional peptide sequences to promote cell adhesion, biopolymer-based hydrogels offer 
other major advantages.[21–23] Biopolymers, polypeptides such as collagen/gelatin, elastin 
and silk but also polysaccharides like hyaluronic acid, chitosan, chondroitin sulfate and 
alginate are used since these can be readily isolated from biomass.[14,20,23–25] In addition, 
alginate systems have been used for the investigation of stress relaxation towards cells, 
since the ionic nature of their cross-linking allows stress relaxation, which is not the case 
for covalently cross-linked gels.[26] Also, alginate shows a good biocompatibility and is 
cheap and hence cost-effective.[27] 
The polysaccharide-based hydrogels have the advantage that they are easy to work with 
and gel formation is generally done by simple mixing of the polysaccharide solution with 
a solution which initiates cross-linking, most often via electrostatic interactions using 
multivalent ions.[9,28–31] This practical benefit also causes one of the most important 
drawbacks of these systems as cross-links induced by multivalent cations such as Ca2+ are 
easily broken, washed out or replaced by other monovalent ions.[20] This effect can be 
reduced by using cations such as Al3+ and Fe3+ which bind more efficiently but the effect 
cannot be  prevented completely.[32] Therefore increasing mechanical stability is a 
significant challenge especially without affecting the ease of use. 
Many approaches have been taken to increase stability of polysaccharide hydrogels such 
as alginate, chondroitin sulfate and hyaluronic acid which all face the problem of low 
stability. The most frequently taken route towards increased mechanical stability is 
chemical modification for the purpose of covalent cross-linking rather than using 
electrostatics.[33] To this end, several routes have been explored including the introduction 
of disulfide-bridges[34], using click-reactions to induce cross-linking[35], dopamine 
modification and cross-linking via polydopamine formation[36] or combination of 
oxidized structures with hydrazine derivatives able to form hydrazone cross-links[37]. 
However, the most often used approach is introducing polymerizable units such as 
acrylates which offer the possibility to create a second polymer network based on free 
radical polymerization initiated either chemically or via UV-irradiation.[38–42] This has led 
to interesting highly stabilized structures also for in vivo applications using chemical 
modifications and covalent cross-linking.[13,24,40,43] Even though these systems possess 
higher stability, chemical modifications hamper efficient use as formation, purification, 
use by clinical experts and legislation aspects all play important roles in successful 
biomaterials development.  
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The system functions similar as the standard alginate -Ca2+ system with the important 
addition of linear polyethyleneimine (LPEI) constituting as a polyelectrolyte at pH 7 and 
acting as a highly efficient cross-linker. Other systems involving the use of LPEI have 
also been investigated for the purpose of gene delivery and for modulating the matrix 
stiffness.[44–47]  For enhancing the matrix stiffness, two important aspects were overlooked 
in previous studies, preventing the matrix to be suitable for cell encapsulation. LPEI was 
pre-mixed with alginate which leads to pre-coordination and potential inhomogeneity 
inside the matrix. Additionally, such pre-mixing will make coordination for Ca2+ more 
difficult as exchanging a polyelectolyte for many smaller ions is entropically unfavorable. 
Also for cell encapsulation, pre-mixing the LPEI with alginate will result in a high initial 
LPEI concentration which will affect cell viability as cells are generally suspended in the 
matrix-forming solution, the alginate. The route developed here uses a pre-mix of Ca2+ 
and LPEI which ensures more control of morphology but also of stiffness as the obtained 
stiffness is much lower as previously reported. Targeting the lower kPa-range as presented 
here can be important regarding cellular functions as cells respond very differently to 
moduli in the range of 1-20kPa than towards the higher moduli (>50kPa), as reported for 
the other alginate-LPEI systems.[48] By partially replacing Ca2+-ions for LPEI while 
keeping the overall available positive charge the same, stronger hydrogels were formed 
with tunable stiffness, controllable release profile of small molecules and with the ability 
to entrap cells. The resulting cell laden alginate-LPEI hydrogels are envisioned to be 
potential candidates in wound dressing hydrogel applications, especially as the presented 
approach and altered mixing, using culture medium as a solvent rather than saline 
solution, displays the same low cytotoxicity towards fibroblasts compared to the regular 
alginate-Ca2+ system and only increased cytotoxicity for the mesenchymal stem cells at 
higher LPEI ratios. 
5.2. POLYMER-ALGINATE HYDROGEL FORMATION 
Polymer-alginate gels with improved and tunable mechanical properties were formed by 
starting from the original alginate-Ca2+ hydrogel system. Sodium alginate does not gelate 
while alginate-Ca2+ does due to formation of cross-links between two negatively charged 
carboxylic acid groups of the alginate and a divalent metal center, Ca2+ (Figure 1). Higher 
charged metal ions will only add stability in a limited way because the increased charge is 
very locally defined namely, on a single atom[32,48] and therefore the attention was focused 
on polyelectrolytes in the form of linear polyethyleneimine (LPEI). LPEI is a 
polyelectrolyte at pH 7 as the pKa of the secondary amines in LPEI is about 10-11. 
Although, LPEI can be considered toxic to cells due to the high amount of positive 
charges, when appropriately screened with polyanions, the toxicity diminishes drastically 
and hence it is also used as a gene-transfection agent.[49,50] As alginate-Ca2+ hydrogels are 
known for a long time in biomedical applications, their preparation conditions have been 
optimized in order to facilitate efficient formation of gels.[28,51,52] Therefore the relative 
amount of charge within the system was kept constant in order to make use of the 
formerly optimized systems. However, even though the number of charges is kept 
constant it was envisioned that the resulting gel would be more stable due to better 
distribution and limited mobility of charge. The coordination of charged species is a 
reversible process. When the coordination of one charged species is broken, it will 
coordinate to an opposite charge again in time. While it is likely that Ca2+ ions are relatively 
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mobile in the gel due to the reversibility of the coordination, the LPEI is expected to have 
limited mobility, since the multiple coordination holds it in place. Generally, a 50mM 
CaCl2 is mixed with a 2 wt% alginate solution in a 1:1 ratio. This results in a hydrogel 
which is very soft and deformable. Often alginate beads are produced for studying cellular 
behavior in a 3-D hydrogel matrix however, for translation towards applicable systems, 
the gels are too soft and deformable. Using LPEI, it was anticipated that due to the 
increased possibilities for cross-linking, the hydrogel would become more stable. 
However, keeping the same molar concentrations as used for CaCl2, the concentration of 
positive charges would be much higher, as the used LPEI (MW:1200D) provides 
approximately 28 amino-groups per polymer chain and hence has a much higher overall 
charge at neutral pH. For this reason, the theoretically available charge was kept constant 
stating that 50 mM CaCl2 provides 100 mM of positive charge while 3.6 mM LPEI 
solution also provides 100 mM positive charge, assuming all amino-groups are 
protonated. Mixing the CaCl2 and LPEI solutions in different ratios allows for tuning the 
cross-linking capabilities within the gel system without affecting the overall available 
charge and results in different hydrogel morphologies (Figure 1).  
 
 
Figure 1: Schematic representation of the gelation process for alginate-Ca2+ (left) and a mixture of Ca2+ 
and LPEI (right). LPEI shows multiple non-covalent bonds on a single LPEI molecule, while Ca2+ 
has only two. 
It was found that CaCl2 alone together with the alginate forms a soft deformable hydrogel 
while the alginate cross-linked with only LPEI solution (same concentration positive 
charge) forms a highly condensed rubber-like material. Locally better distributed cross-
linking with higher efficiency results in a precipitated bulk material. By replacing the 
strongly coordinating polyelectrolyte for Ca2+ with “weaker” cross-linking capabilities, 
intermediate stages were accomplished (Figure 2). This was initially investigated by 
macroscopic observations of a broad range of combinations between 0-2 wt% alginate, 
0-50 mM CaCl2 and 0-3.6 mM LPEI. This approach allowed to quickly identify useable 
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ranges of concentrations for improving mechanical properties and select compositions 
which would serve as potential cell carrier matrices useable for wound coverage 
applications in the future. 
 
 
Figure 2: Alginate-based hydrogels formed from various combinations of alginate concentration, CaCl2 
and LPEI were investigated to assess efficiently the system behaviors and the conditions most likely 
to be suitable for cell scaffolds. 
The macroscopic observations were classified according to the behavior of the formed 
gel materials. Visual observations along with applied mechanical forces using the inverted 
test-tube assessment indicating whether the formed system is a solution (completely 
soluble, viscous, turbid) or a gel (weak, stable, self-supporting or highly condensed). It 
was found that too low concentrations of CaCl2 and LPEI resulted in solutions while a 
relatively high concentration of LPEI with respect to the alginate resulted in rubber-like 
material, which was not identified as a gel anymore. Two possible conditions which 
displayed the most promising macroscopic behavior were alginate (2 wt%) mixed in a 1:1 
volume ratio with CaCl2/LPEI solutions of either 25 mM/1.8 mM or 50 mM/3.6 mM. 
The 50 mM/3.6 mM displayed a condensed hydrogel-like structure which could be 
handled easily without damaging the material and which was not as dense as the rubber-
like material obtained with higher LPEI content. Therefore, this was regarded as the best 
hydrogel material as it resembled a material which could directly be used as a potential 
wound coverage material since it can easily be handled without braking, but still contained 
a high amount of water for moisturizing wounds. The 1:1 (50 mM/3.6 mM) CaCl2/LPEI 
ratio provides 100 mM positive charge concentration, the CaCl2/LPEI ratio was altered 
by lowering the LPEI content and increasing the CaCl2 content, while keeping the overall 
charge concentration the same. Lowering the LPEI content would affect stability and 
stiffness which was investigated using Low Load-Compression Testing (LLCT).[53] 
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5.3. MECHANICAL PROPERTIES OF POLYMER-ALGINATE 
HYDROGELS 
In alginate gels formed by Ca2+ cross-linking, the Ca2+ ions have a high mobility compared 
to LPEI molecules. This results from the fact, that the high number of reversible bonds 
formed by charge interactions are very likely of holding the LPEI molecule in place, while 
the Ca2+ ion with only two bonds can travel more freely through the gel. This mobility of 
the ions reduces stability and stiffness of the resulting gels. Replacing Ca2+ with LPEI 
should therefore increase stability as well as stiffness of the resulting gel. This was 
investigated using LLCT which determines the stiffness of the hydrogels. All hydrogels 
were in their completely hydrated state and were measured after 24-hour equilibration. 
 
Figure 3: Young’s modulus in kPa for alginate hydrogels formed by mixing 2 wt% alginate solution 
with polycation solution (1:1 volume) of varying composition between CaCl2 and LPEI. The final 
alginate-charge ratio is equal in all cases, only the origin of the charge differs. 
For preparation the charge percentage (%) originating from LPEI was increased while 
keeping the overall amount of charge versus alginate content constant. The more charge 
originates from the LPEI, the higher the Young’s modulus. The alginate-Ca2+ standard 
hydrogel amounts to 3.6 kPa in Young’s modulus which increases continuously to 
16.8 kPa for alginate-Ca2+/LPEI (50/50 charge contribution), indicating a direct 
correlation between Young’s modulus and the ratio of LPEI to Ca2+ions. Apparently, the 
multi-charged polymer is better capable of cross-linking the alginate. The stiffness is in 
this case also associated to mechanical stability. The higher percentage of charge 
originating from LPEI, the more mechanically robust the hydrogel. In case of the 50/50 
charge contribution, the hydrogel is stable enough to be easily taken up with tweezers 
without being damaged (Figure 4) which was not possible for the pure alginate-Ca2+ 
hydrogel. This stability was also observed when investigating the stability concerning 
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degradation. An additional problem of the conventional alginate hydrogels, also shared 
with other biopolymer hydrogels such as hyaluronic acid-based systems, is that the cross-
links can be easily broken by high concentrations of monovalent cations or via strong 
chelating agents towards Ca2+ such as citrate.[43,54] The addition of sodium citrate to 
alginate-Ca2+ resulted in rapid complete dissolution of the gel while the alginate-
Ca2+/LPEI (50/50) did not show any signs of dissolution. The alginate-Ca2+/LPEI 
(50/50) hydrogel could only be destroyed by lowering the pH below the pKa (4.5) of the 
alginate resulting in loss of coordination due to protonation of carboxylic acids on the 
alginate. Alternatively, the gel could also be broken by increasing the pH above the pKa 
of the LPEI (10-11) which resulted in deprotonation of the LPEI and hence the loss of 
coordination/cross-links between LPEI and alginate. 
 
 
Figure 4: Photographs of the alginate hydrogels which display higher mechanical stability than the 
alginate-Ca2+ standard. Left image the Ca2+/LPEI (90/10) (left) and Ca2+/LPEI (50/50) (right) charge 
originating from LPEI. The right image shows how the most stable gel can be handled without 
inflicting mechanical damage. 
The exchange of Ca2+ for LPEI results clearly in increased mechanical stability, higher 
stiffness and lower susceptibility to chemical degradation. As mentioned above, this 
higher stability is mostly due to the increased cross-linking capability of LPEI, which 
should also affect the overall morphology as well as the release of molecular components. 
Particularly the latter is important when soluble factors from cells need to be transported 
through the network into the wound area in case of wound coverage materials. 
5.4. MORPHOLOGY AND PERMEABILITY OF POLYMER-
ALGINATE HYDROGELS 
In order to test, if the altered gel compositions change the gels morphology, namely 
matrix density, porosity and fiber thickness, and thereby diffusion capability, the gels were 
investigated using atomic force microscopy (AFM) under wet conditions (Figure 5) by 
measuring in PBS (phosphate buffer saline) to have a hydrated network under similar 




Figure 5: Atomic force microscopy images of alginate hydrogels based on only Ca2+ (A&B 
(enlarged image of A)) as a counter ion, Ca2+/LPEI (90/10) (C&D (enlarged image of C)) 
and Ca2+/LPEI (50/50) (E&F (enlarged image of E)). With increasing LPEI charge 
contribution, the network becomes more open and the fibers thicker. 
From the AFM analysis it was observed that the mesh-size changes drastically with 
increasing LPEI content. While the regular alginate-Ca2+ gel has thin fibers with a dense 
mesh with small pores, the higher LPEI content displays thicker fibers. The thicker fibers 
result in a more open network as the total mass content of the alginate remains the same, 
condensing fibers by using LPEI will be at the cost of network distribution. A closer 
analysis of the network with AFM shows that the thicker fibers of the Ca2+/LPEI (50/50) 
are very globular and irregular in diameters while the alginate-Ca2+ is very homogenously 
distributed. 
AFM analysis displayed a more open structure for the alginate hydrogels with higher LPEI 
content and this was also reflected in the release of a small molecular dye from the alginate 
network. For the release study the dye, 4-Amino-1,1’-azobenzene-3,4’-disulfonic acid 
sodium salt, was used. This is a relatively complex molecule resembling functional groups 
also found in molecular and peptide-based soluble factors released by cells, with negative 
(-SO3H) and positive charge (-NH2) at pH 7 as well as the capability to interact via 
hydrogen bonding (-N=N-). By determining the release from the gel using the molecular 
dye, it was found that the more open structures with larger pores as formed by the 
alginate-Ca2+/LPEI release their content more rapidly than the denser structure with 
smaller pores as formed by the alginate-Ca2+ hydrogel. The release becomes increasingly 
more efficient going from alginate-Ca2+ to alginate-Ca2+/LPEI (90/10) and finally 
alginate-Ca2+/LPEI (50/50). The final release in the surrounding solution for the 
Ca2+/LPEI (90/10) and Ca2+/LPEI (50/50) amounts to full release of 100% while for 
Ca2+ it was only 68%. In all cases an initial burst release between 10% – 12% of the total 
release was found. The release profile shows that small molecules with diverse chemical 
attributes are able to pass the gel matrix without difficulty. Although the Ca2+/LPEI 
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behaves differently than the alginate standard, the release profile is still in the same order 
of magnitude. An increased release rate would be regarded as beneficial. Cell nutrients 
and the potential therapeutic soluble factors secreted by cells should diffuse as freely and 
uninhibited as possible through the network enabling most efficient and long-term 
effects. Most likely the lowered cumulative release from the alginate-Ca2+ standard can be 
attributed to the small mesh-size. It should be noted that the soluble factors released by 
cells are more diverse in size and possible interactions and hence the used molecular dye 
provides insights in diffusion differences between the gels but not exactly reflects the final 
diffusing profile of the soluble cell factors. 
 
 
Figure 6: Release profiles of 4-Amino-1,1’-azobenzene-3,4’-disulfonic acid sodium salt from alginate-
Ca2+, alginate-Ca2+/LPEI (90/10) and alginate-Ca2+/LPEI (50/50) is shown. The more open network 
with larger pores as shown by AFM (Figure 5) is reflected in the increasingly higher and more rapid 
release of the dye from the hydrogel network. 
In addition to the release profile, cells which ultimately should secrete the small soluble 
factors need to remain viable. Both the encapsulation procedure and the final hydrogel 
matrix should not direct cells into an apoptotic state. This was investigated for human 
skin fibroblasts (HSkF) and bone marrow derived mesenchymal stem cells (hBM-MSC), 
both very promising candidates for the purpose of wound repair. 
5.5. CELL ENCAPSULATION AND TOXICITY 
Hydrogels are envisioned to be excellent environments for cells as it mimics the 
extracellular matrix to a certain degree. The nature of the hydrogel; open porous matrix, 
high water content, possibility for diffusion, is highly important for the cell function as 
nutrients and cell exudates need to be transported to and away from the cells. For 
encapsulation in the gels, two cell types were chosen namely, human skin fibroblasts 
(HSkF) and human bone marrow mesenchymal stem (stromal) cells (hBM-MSC). Both 
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these cell types are able to secrete soluble factor such as fibroblast growth factors (FGFs), 
transforming growth factor (TGFs) derivatives and vascular endothelial growth factor 
(VEGF). These growth factors as well as many others play eminent roles in delegating 
wound repair.[55,56] 
In order to assess the microenvironment within the gel, the response of the cells towards 
the two solutions needed for creating the gels was determined namely, alginate and 
CaCl2/LPEI. A metabolic activity essay (XTT-essay) was performed using HSkFs in 
combination with an alginate solution and polyelectrolyte solution compared to a negative 
control (Data not shown). It was found that the polyelectrolyte solution containing LPEI 
negatively influenced the cell viability as expected while the alginate solution did not 
influence the cell viability. 
It was not possible to perform a viability essay directly on the encapsulated cells as the 
gels inhibit proper absorbance measurements needed for the XTT-essay, possibly due to 
binding of XTT to the matrix components. An indirect approach was used where freshly 
prepared gels were incubated in growth medium for 24 hours. This growth medium was 
subsequently used for incubation of the cells for the essay. It was found that there is a 
significant difference in behavior comparing HSkFs and hBM-MSCs (Figure 7). While 
the HSkFs did not display any altered metabolic activity compared to the negative control 
which was not exposed to gel incubated medium, the hBM-MSCs were not able to tolerate 
the gel components left in solution. This clearly shows that the fibroblasts are more robust 
towards LPEI than the hBM-MSCs. For future applications as potential wound dressing 
material, hBM-MSCs are not the appropriate cell type to be used whereas fibroblasts are. 
 
 
Figure 7: Metabolic activity essay (XTT) for human skin fibroblasts (cell line, CCD1112SK) and human 
bone marrow mesenchymal stem cells. Cells were exposed to gel-exposed medium for 24 hours before 
metabolic activity determination. The bar diagram displays the normalized metabolic activity with the 
activity corrected for the cell density and subsequently normalized in accordance to the control sample. 
The asterisk indicates significance (p ≤ 0.05). 
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In order to obtain additional information concerning the survival of cells within the gels, 
live-dead analysis was performed using confocal laser scanning microscopy (CLSM) and 
fluorescence microscopy. HSkF cells were entrapped inside the gels via mixing of the 
alginate solution (2 wt%) with one volume of polyelectrolyte solution. To entrap the cells 
inside the gel matrix, they were dispersed in the alginate solution. Gel preparation was 
performed as previously stated. Analysis of cells within the alginate hydrogels was 
cumbersome due to the interference of the gel network with the CLSM analysis and hence 
only cells rather close to the surface of the hydrogel could be analyzed (Figure 8).  
 
 
Figure 8. Dead/Live staining of HSkF seeded inside of gels made from alginate-Ca2+ (live staining a), 
dead staining d)), alginate-Ca2+/LPEI (90/10) (live staining b), dead staining e)) and alginate-
Ca2+/LPEI (50/50) (live staining c), dead stainig f)) after 5 days of culturing. The asterisk indicates 
significance (p ≤ 0.05). For live staining calcein AM (Green) was used and ethidium homodimer-1 
(Red) for dead staining. Scale bar in all images represents 100 µm. Graphs displayed show the cell 
density and amount of dead cell inside of the gels after 1 Day and 5 Days (g) is the cell density and h) 
the dead percentage). 
It was observed that for a short term culture, the LPEI showed no negative effect. After 
5 Days of culture, the HSkF were negatively affected in the gel with the highest 
concentration of LPEI (50:50). The Ca2+/LPEI (90:10) gel performed similar to the 
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original alginate gel. Also cell proliferation seemed not to be affected by the polymer. This 
indicates, that LPEI can be used to improve the alginates stability, as long as the 
concentration is not too high. 
In order to have an additional idea of cellular response towards the hydrogel, cells were 
seeded in well-plates and after sufficient adhesion times, the gels were prepared directly 
on top of the cells. After incubation for 3-4 days, the gel was removed uneventfully and 
the cells visualized via live-dead staining. From the live-dead staining, it is observed that 
the gels with higher LPEI content inhibit cell proliferation (Data not shown). There are 
fewer cells visible when they are exposed to the alginate-Ca2+/LPEI hydrogel than when 
exposed to the conventional alginate hydrogel. Even though there are fewer cells visible, 
the live-dead staining only shows a minor fraction of dead cells which are also observed 
for the conventional alginate hydrogel. This shows a difference towards the encapsulated 
cells, where LPEI induced killing. The morphology of the cells in contact with LPEI-
containing gels is aberrant, indicating that they are under stress. The observed difference 
in spreading and coverage is most likely due to the initial exposure to a too high 
concentration of non-balanced LPEI. It is not due to the lack of nutrients as the alginate-
Ca2+ hydrogel displays lower diffusion than the alginate-Ca2+/LPEI hydrogels as shown 
above. 
LPEI by itself is toxic to cells however, by offering structures which are able to screen 
excess positive charges by coordination, if the concentration is not too high. This shows, 
that the stability of alginate gels can be improved using LPEI, but that a low concentration 
should be chosen to do so. 
5.6. CONCLUSION 
Developing new hydrogel scaffolds for cell encapsulation is an ongoing endeavor and 
while improving one property, other properties will be affected. One major issue is 
hydrogel stability especially, of those which are already used clinically. Rather than 
developing new hydrogel systems, improving FDA-approved ones seems a more cost-
efficient approach although not a reason for not pursuing new synthetic systems. 
Alginate-based hydrogels are already found in numerous biomedical products but as 
identified, still lack the mechanical stability hence the reason for chemical cross-linking as 
it poses as the more stable alternative. However, this at the expense of the ease of gel 
preparation which will hamper true clinical use. Here we have defined an approach which 
allows for retention of the easy preparation method while enhancing the mechanical 
properties as well as tuning the stiffness. Both alginate and polyethyleneimine are FDA 
approved materials for various biomedical applications and together with the ease of 
formation it offers a more versatile material formation than the covalent cross-linking 
approach. Both human skin fibroblast and human bone marrow mesenchymal stem cells 
have been included of which fibroblast are able to endure the gel formation. This also 
displays still an eminent drawback of the system which will be subject to further 
investigation, which should aim at making the environment truly cell friendly. Although 
fibroblasts do survive the preparation procedure, still proliferation is inhibited. Future 
endeavors will encompass other preparation methods in which cells are more effectively 
shielded from the positive charges of the LPEI or alternatives will be identified, keeping 
in mind the cost effectiveness of LPEI against much costlier alternatives such as 
polylysine. 
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5.7. EXPERIMENTAL SECTION 
Materials: All chemicals were obtained from Sigma Aldrich, USA, unless stated otherwise. 
Dissolved linear polyethylenimine (50wt %) 1,200Mw was used as the polyelectrolyte. 
Absorbance measurements were performed in microplate reader from FLUOstar Optima 
(BMG Labtech). Cell cultures flask and wells plates were purchased from Greiner Bio-
one. Human Skin Fibroblasts (HSkF-CCD-1112Sk, ATCC® CRL2429™) and human 
bone marrow-derived mesenchymal stem cells (Lonza™) were used for the cell 
experiments. Cells were observed using a LEICA TCS SP2 CLSM equipped with 40× 
NA 0.80 and 63× NA0.90 water immersion objectives. Cell viability was analyzed using 
an XTT assay (Applichem A8088). 
Gel formation: Gels were formed by mixing one volume of a 2 wt% alginate solution with 
one volume of polyelectrolyte solution. This results in a gel containing 1 wt% alginate. 
For the polyelectrolyte solution, the overall amount of charge was kept constant. It was 
calculated that a stock solution of 50 mM CaCl2 solution and a stock solution of 3.6mM 
LPEI solution formally contain the same amount of positive charge (under the 
assumption that all amine groups are protonated). The different gels were obtained by 
mixing the CaCl2 and LPEI solution varying the overall charge contribution of LPEI 
between 0-50 %, and to reach the same final volume as the desired volume of alginate 
solution. This was then mixed to obtain the final gel. 
Determining Young’s Modulus: The stiffness (Young’s modulus) of the gels was measured 
using LLCT (Low Load Compression Tester). A uniaxial compression was performed 
measuring strain and stress, in a non-destructive way. Gel samples were applied on filter 
paper resting on a glass slide in order to avoid sample displacement during compression. 
A few microliters of water were added on top of the sample ensuring contact of the 
sample with the plunger before commencing compression. All measurements were 
performed with a fixed strain rate of 5%/s and a maximum deformation of 20%. For 
each gel, 5 samples were measured. Obtained values for stress and strain were 
extrapolated using Hooke’s Law. For determining the stiffness, only the initial 10-15 % 
of the values of the Young’s modulus curve were taken into account. Values of five 
individual experiments per gel were averaged. 
Cell culture HSkF and hMSCs: Human skin fibroblast (CCD112SK) and human bone 
marrow derived mesenchymal stem cells (hBM-MSC) were used. Cells were incubated at 
37°C, 5% CO2 at maximum humidity. Cell culture stock was kept in liquid nitrogen. Cells 
were counted with hemocytometer. DMEM HG Complete (10% FBS, 1% L-glutamax 
with 1% (100 units) penicillin and (0.01mg) streptomycin in DMEM) was used as growth 
medium for fibroblast cells. Alpha-MEM complete (10% FBS and 0.1% AA2P in Alpha-
MEM). Cells were harvested from culture flasks by trypsin for 3-5 min at 37°C. Cells were 
cultured at 80-90% confluence and 20% was seeded in daughter flasks. 
Cytotoxicity assay (XTT): Human fibroblast CCD1112SK and mesenchymal stem cells were 
used for determining cytotoxicity. An indirect cytotoxicity assay was performed because 
it was not possible to isolate the cells from the non-standard alginate gels via mild 
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approaches due to enhanced stability. The respective gels were prepared and submerged 
in growth medium for 24 hours prior to use. Cells were grown and harvested and seeded 
in a 96-wells plate with a density of 1.0 x 104 cells per well. Cells incubated overnight 
hours to ensure sufficient adherence and were washed twice with PBS prior to exposure 
to gel exposed medium. Cells were incubated for 24 hours in exposed medium. XTT and 
PMS are added to the cells and incubated for 6 hours prior to analysis using absorbance 
measurements at 485 nm and 690 nm. Wavelength at 480nm is used for quantifying 
metabolic activity observed as the reduction of XTT while monitoring at 690 nm provides 
the nonspecific absorbance. The metabolic activity was normalized for the number of 
cells present to account for any deviations in cell seeding density. The absorbance of the 
negative control, i.e. cells not (indirectly) exposed to gel material, is normalized to 1 and 
all others accordingly using the same factor. 
Cell encapsulation: For the cell encapsulation, cells were suspended in the alginate solution 
before gel preparation. Alginate solution was prepared using DMEM (Dulbecco's 
Modified Eagle Medium, Thermo Fischer Scientific, USA) rather than water which 
ensured higher viability of the cells. This solution was then used similar as described above 
for the regular gel preparation. No significant difference in gel properties were found 
using DMEM instead of water. Cells were analyzed 3-4 days after incubation. 
Live-dead staining: Dead/Live staining was performed using PBS containing calcein AM 
(2 µM, Life Technology) and ethidium homodimer-1 (4 µM, Invitrogen molecular probes) 
to stain the cells, 30 minutes prior to microscopy. 
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